We measured primary productivity in the Pacific Sector of the Southern Ocean as part of the Joint Global Ocean Flux Study. We collected data along 170 W from 54 S to 72 S on four cruises during the austral growing season of 1997-1998. The cruises crossed the Subantarctic Front, the Antarctic Polar Front (APF), the Southern Antarctic Circumpolar Current (ACC) Front, and the Southern Boundary of the ACC. Primary productivity and chlorophyll a increased rapidly in spring, peaked in summer, and decreased rapidly in fall, following the seasonal pattern of irradiance. In early spring (October), primary productivity was 20 mmol C m . In early spring, chlorophyll was less than 0.5 mg Chl m À3 throughout the study area. In late spring and early summer, chlorophyll values were between 0.15 and 1.5 mg Chl m À3 depending on station location. By late summer, chlorophyll decreased to less than 0.3 mg Chl m À3 across the study region. Highest absolute values of productivity and biomass occurred near the southward-propagating Si gradient (DSi max ). A spatial gradient in photosynthetic performance correlated with DSi max : photosynthetic performance was elevated in low silicic acid waters (less than 10 mM) to the north of DSi max and was depressed in high silicic acid waters (greater than 30 mM) to the south of DSi max . Photosynthetic performance also was correlated with iron-enrichment response: when photosynthetic performance was low, iron-enrichment response was high, and when photosynthetic performance was high, iron-enrichment response was low. These results suggest that phytoplankton were iron sufficient north of DSi max and iron limited south of DSi max . We argue that the southward-traveling DSi max , the APF, and the location of upwelling, iron-rich Upper Circumpolar Deep Water (UCDW) define three regions with differing iron sufficiency. Furthermore, we suggest that a winter recharge of upwelled, iron-rich UCDW within the Antarctic and Southern ACC Zones provides enough iron to support a diatom bloom that annually propagates poleward across the Antarctic and Southern ACC Zones to the Southern
within 3 weeks. During peak irradiance (December), productivity reached its maximum throughout the study area with values ranging from 33 to 93 mmol C m À2 d À1 depending on station location. By February, average productivity dropped to 2071 mmol C m À2 d À1 , and individual station values reached a minimum of 13 mmol C m À2 d
À1
. In early spring, chlorophyll was less than 0.5 mg Chl m À3 throughout the study area. In late spring and early summer, chlorophyll values were between 0.15 and 1.5 mg Chl m À3 depending on station location. By late summer, chlorophyll decreased to less than 0.3 mg Chl m À3 across the study region. Highest absolute values of productivity and biomass occurred near the southward-propagating Si gradient (DSi max ). A spatial gradient in photosynthetic performance correlated with DSi max : photosynthetic performance was elevated in low silicic acid waters (less than 10 mM) to the north of DSi max and was depressed in high silicic acid waters (greater than 30 mM) to the south of DSi max . Photosynthetic performance also was correlated with iron-enrichment response: when photosynthetic performance was low, iron-enrichment response was high, and when photosynthetic performance was high, iron-enrichment response was low. These results suggest that phytoplankton were iron sufficient north of DSi max and iron limited south of DSi max . We argue that the southward-traveling DSi max , the APF, and the location of upwelling, iron-rich Upper Circumpolar Deep Water (UCDW) define three regions with differing iron sufficiency. Furthermore, we suggest that a winter recharge of upwelled, iron-rich UCDW within the Antarctic and Southern ACC Zones provides enough iron to support a diatom bloom that annually propagates poleward across the Antarctic and Southern ACC Zones to the Southern Boundary of the ACC, where the absence of UCDW prevents the bloom's progression into the Subpolar Regime. r 2003 Elsevier Science Ltd. All rights reserved.
Introduction
A large proportion of the nutrients that reach the surface of the modern Southern Ocean are returned to depth unused. This relatively inefficient nutrient utilization, in combination with the fact that the Southern Ocean comprises the greatest geographic extent of nutrient-rich surface waters on earth, has prompted the idea that the Southern Ocean is pivotal in the global partitioning of CO 2 between the atmosphere and the ocean. Knox and McElroy (1984) and Sarmiento and Toggweiler (1984) proposed that increased nutrient utilization through an increase in the efficiency of the Southern Ocean biological pump could explain lower CO 2 levels during ice-ages. Martin (1990) further postulated that 50-fold higher aeolian Fe supplies to the Southern Ocean during the last glacial maximum could have resulted in the stimulation of enough new productivity to draw down atmospheric CO 2 from 280 to less than 200 ppm.
More recent circulation and mixing models predict that the net effect of increased nutrient utilization on atmospheric CO 2 would be much less than Martin (1990) calculated (Joos et al., 1991; Peng and Broecker, 1991; Sarmiento and Orr, 1991; Kurz and Maier-Reimer, 1993) , demonstrating that a more efficient Southern Ocean biological pump alone cannot explain lower CO 2 levels during ice-ages (see Siegenthaler and Wenk, 1984; Francois et al., 1997; Stephens and Keeling, 2000; Watson et al., 2000) . Still, many current theories seeking to explain lower CO 2 levels during ice-ages include higher Southern Ocean primary productivity as an integral component Sigman and Boyle, 2000) . This ongoing discussion of Southern Ocean nutrient utilization (Keeling and Visbeck, 2001; Sigman and Boyle, 2001) underscores the importance of understanding how the efficiency of nutrient use is regulated and whether it has changed in the recent geologic past (Broecker, 1982; Toggweiler and Sarmiento, 1985) .
The Antarctic Polar Frontal Zone (APFZ) program of US Joint Global Ocean Flux Study (JGOFS) investigated the Pacific Sector of the Southern Ocean along 170 W from 54 S to 72 S. Four cruises crossed through three physical fronts, one chemical front, a receding ice edge, and the Southern Boundary of the Antarctic Circumpolar Current (ACC) (Fig. 1 ). Because these features separate water masses that have distinct temperature, salinity, oxygen, macro-, and micronutrient properties, understanding their location, nomenclature, and dynamics is essential for assessing the biogeochemistry of the Southern Ocean (Tr! eguer and Jacques, 1992; Longhurst, 1998) .
The three physical fronts divide the circumpolar regions and are characterized by concentrated shoaling of deep waters within the eastwardflowing ACC. The northernmost front within our study region is the Subantarctic Front (SAF). Along 170 W (our study transect), the mean position of the SAF is 57 S and marks where the Antarctic Intermediate Water (distinguished by a salinity minimum) is formed as it makes its rapid equatorward descent to depths near 1000 m (Fig. 2) . The front separates the Subantarctic Zone to the north and the APFZ to the south. The second front in our study region, the Antarctic Polar Front (APF), has a mean position near 61 S. The APF marks the northern terminus of the surface-layer temperature minimum and separates the APFZ from the Antarctic Zone (Fig. 2) .
Further south, the third front within the ACC, is the Southern ACC Front (SACCF). The SACCF has a mean position near 64 S and separates the Antarctic Zone to the north from the Southern ACC Zone to the south. The SACCF also marks the position where the core of poleward travelling Upper Circumpolar Deep Water (UCDW) begins to shoal above 500 m (Fig. 2) . UCDW is relatively old water supplied primarily from the eastern South Pacific Ocean and western Indian Ocean and is characterized by an oxygen minimum and a nutrient maximum (Callahan, 1972; Whitworth and Nowlin, 1987; Park et al., 1993) . Below the UCDW is the Lower Circumpolar Deep Water (LCDW), which is comprised of slightly warmer, salty, oxygen-rich and nutrient-poor North Atlantic Deep Water (Patterson and Whitworth, 1990; Park et al., 1993) .
The single boundary in our study region, the Southern Boundary of the ACC, has a mean position near 65 S. The Southern Boundary of the ACC is the poleward limit of the circumpolar flow of the ACC and separates the Southern ACC Zone to the north from the Subpolar Regime to the south (Orsi et al., 1995) . It is also a critical boundary between the poleward-shoaling UCDW within the ACC (Fig. 2) and the more quiescent waters (weaker geostrophic shear) of the Subpolar Regime (Orsi et al., 1995) . North of the Southern Boundary of the ACC, UCDW shoals and mixes with the Antarctic Surface Water (Fig. 2) . South of the Southern Boundary of the ACC (Subpolar Regime), no evidence of UCDW is found, and the water column consists almost entirely of LCDW and Antarctic Bottom Water (Whitworth and Nowlin, 1987; Patterson and Whitworth, 1990) . At 170 W, the Subpolar Regime is also called the Ross Sea Gyre. Further south, and beyond the scope of this paper, lie relatively shallow shelf waters influenced by the Antarctic continental margin.
In addition to the fronts and boundary described above, our study region was dominated by the seasonal retreat of ice (Smith et al., 2000b ) and a southward-progressing silicic acid front (Sigmon et al., 2002) . The ice edge was near 63 S in October and retreated south beyond the study region by February. The silicic acid front was near the APF during October, migrated southward to the Southern Boundary of the ACC in January, and remained at the Southern Boundary of the ACC through March (Fig. 1) .
The coherent correlation of the fronts, boundary, and ice edge with high biomass and high primary productivity demonstrates that these physical and chemical features are involved in the regulation of primary productivity (Lutjeharms et al., 1985; Smith and Nelson, 1985; Bathmann et al., 1997; Veth et al., 1997; Tynan, 1998; Brzezinski et al., 2001) . Within these features, single-factor controls on Southern Ocean photosynthetic performance and primary productivity have been relatively well documented (Fogg, 1977; Holm-Hansen et al., 1977; Cushing, 1981; El-Sayed and Taguchi, 1981; Jacques and Minas, 1981) . Temperature (Jacques, 1989) , seasonal irradiance (Nelson and Smith, 1991) , mixing (Mitchell and Holm-Hansen, 1991) , macronutrients (Nelson and Tr! eguer, 1992; Sullivan et al., 1993) , micronutrients de Baar et al., 1995) , and grazing (Banse, 1996) all have been identified as factors that regulate primary W during the austral summer of 1997-1998 (Smith et al., 2000b) was consistent with the mean positions identified by Orsi et al. (1995) . The SAF marks where Antarctic Intermediate Water (salinity minimum) is formed as it makes its rapid equatorward descent to depths near 1000 m. The APF marks the northern terminus of the subsurface layer temperature minimum. The UCDW is defined as waters with O 2 p201 mmol l À1 at density values of 27.35 kg m À3 os 0 o27.75 kg m À3 (Orsi et al., 1995) . The SACCF marks the position where the core of poleward-travelling UCDW begins to shoal above 500 m. The core of UCDW (colored in red) has O 2 o186 mmol l À1 . The Southern Boundary of the ACC marks the location where the poleward-shoaling UCDW is no longer identifiable. productivity at various locations and times. How these various regulating factors operate in combination, in the complex physical domain of the Southern Ocean, to produce a highly varying spatial and temporal mosaic of productivity, however, is poorly understood.
We examined primary productivity from 44 stations collected on four cruises that spanned the austral growing season and traversed the circumpolar zones of the Southern Ocean along 170 W. We found low and variable productivity that fit roughly within the seasonal pattern described by earlier investigators (Hart, 1942; Ryther, 1963; Currie, 1964; Burkholder and Burkholder, 1967) , but measurements of photosynthetic performance in conjunction with iron-enrichment experiments revealed a different and more complex story. The spatial and temporal pattern of iron-enrichment response and the variability of ambient photosynthetic performance indicated the existence of three productivity regions. These three regions differ in their seasonal cycles, their regulation of primary productivity, and their likely productivity response to past and future iron enrichment.
Methods

Cruise plan
Four JGOFS cruises aboard R/V Roger Revelle were conducted along 170 W during the austral growing season of 1997-1998. Measurements were taken from 54 to 72 S across the SAF, the APF, the SACCF, and the Southern Boundary of the ACC (Fig. 1a) . Two cruises, in early spring (October-November 1997) and early summer (January 1998), obtained high-resolution surveys, and two cruises, in late spring (December 1997) and late summer (February-March 1998), concentrated on detailed process studies carried out at stations along 170 W (Fig. 1a) .
Physical and chemical observations
Vertical profiles of nutrients, salinity and temperature were measured at each station (Morrison et al., 2001 ). We defined mixed-layer depth (Z mix ) as the depth at which subsurface s t differed from surface s t by 0.01 (Brown and Landry, 2001a) . Critical depth (Z Cr ) was calculated with a single alteration of Nelson and Smith's (1991) reformulated Sverdrup (1953) (Sverdrup, 1953; Nelson and Smith, 1991 . Iron analyses were performed using the Measures et al. (1995) flow injection analysis technique.
Chlorophyll a and other pigments
Chlorophyll a was determined by fluorometric methods and by high-performance liquid chromatography (HPLC). Fresh samples were extracted in 90% acetone at À20 C for 24-30 h (Venrick and Hayward, 1984) and quantified using a Turner Designs fluorometer (Holm-Hansen et al., 1965; Lorenzen, 1966) . A complete suite of plant pigments was analyzed following the procedures described by Goericke and Repeta (1993) . HPLC determinations of chlorophyll a accounted for 86%, 64%, 58%, and 40% of the fluorometric signal during early spring, late spring, early summer, and late summer cruises, respectively. The cause of this HPLC versus (vs.) fluorometer disagreement is unknown, but not unique to this study. In 1999 the Southern Ocean Iron RElease Experiment (SOIREE) group saw a two-fold difference between HPLC and fluorometrically determined chlorophyll a (Gall et al., 2001b) . The HPLC measurements reported here were reconfirmed by independent measurements at the University of Hawaii Department of Oceanography, suggesting that there is an unresolved factor affecting the fluorometric determinations as hypothesized by Gall et al. (2001b) .
The HPLC-derived chlorophyll a values are the sum of the chlorophyll pigment peaks known to be photosynthetically active, that is, chlorophyll a, the chlorophyll a isomer, chlorophyllide a, and the allomerized chl a's. These values were used to calculate chlorophyll-specific productivity rates. Fluorometrically derived measurements of chlorophyll a include photosynthetically active pigments, as well as some unknown actively fluorescing pigments that are not represented in the HPLC pigment peaks. Both types of pigment quantified in the fluorometrically derived measurement of chlorophyll a, however, attenuate light. Therefore, these measurements were used to estimate water column light attenuation (Morel, 1988) . In cases where we had primary productivity measurements but no HPLC values, the fluorometric chlorophyll a values were corrected to photosynthetically active HPLC chlorophyll a values according to a linear regression analysis of pairs of HPLC and fluorometric measurements made from the same water bottles (m ¼ 0:401; b ¼ À0:000913; n ¼ 106; r 2 ¼ 0:69).
Primary productivity
Primary productivity was measured using radioisotope incorporation techniques (Barber et al., 1996) . Stock isotope solution of 100 mCi ml À1 was made by dissolving anhydrous crystalline sodium 14 C-carbonate (specific activity of 55 mCi mmol À1 ) and 0.3 g of Na 2 CO 3 in 1.0 l of Nanopure s water. A trace-metal-clean (TMC) rosette with General Oceanics Go-Flo s sample bottles and a Kevlar cable was used for water collection (Hunter et al., 1996) . Samples for in situ and on-deck primary productivity determinations were usually collected near local midnight (in situ and on-deck stations shown in Fig. 1 ). For each depth sampled, 280 ml polystyrene tissue culture flasks were filled and inoculated with B10 mCi of 14 C-carbonate. To determine the total added activity, 0.1-ml subsamples were taken from selected inoculated flasks and added directly to scintillation vials containing 0.1 ml of beta-phenylethylamine and 5 ml of Ecolume scintillation fluid. To determine timezero particulate 14 C, additional bottles were filled, inoculated with 14 C solution, and immediately filtered (Huntsman and Barber, 1977) .
For in situ incubations, flasks were mounted on clear Plexiglas s racks and lowered to the intended depth of incubation. The on-deck incubations were conducted in surface seawater-cooled, Plexiglas s incubators. Immediately after the 24-h incubation, in situ and on-deck samples were filtered through 25-mm Whatman GF/F filters with less than 200 mm Hg of vacuum. Each filter was placed in a 7-ml scintillation vial to which 0.5 ml of 0.5 N HCl were added, and after 24 h, 5 ml of scintillation fluid were added. After another 24 h, samples were counted at sea in a liquid scintillation counter.
On-deck incubators were intended to reproduce 100%, 50%, 25%, 18%, 10%, 5%, and 1% of E d ð0 À Þ via neutral density screening. But simultaneous on-deck and in situ productivity measurements demonstrated that the on-deck incubators received more irradiance than was intended. On average, the 100% and 50% E d ð0 À Þ carbon uptake rates from on-deck incubations were less than those of the near-surface in situ incubations due to photoinhibition (see Fig. 5 in Smith et al., 2000a) . When compared individually with in situ incubations, productivity samples from the 50% lightlevel on-deck incubator exhibited an artifact of photoinhibition or photoenhancement, depending on the daily irradiance conditions (Fig. 3) . Deck incubators designed to simulate light levels deeper in the euphotic zone also saw a subsidy of irradiance that translated into photoenhancement. In order to compensate for the additional irradiance, the primary productivity data were reprocessed by ground-truthing on-deck profiles against in situ profiles obtained at the same station Bradford-Grieve et al., 1997; Smith et al., 2000a) .
The irradiance subsidy is due to the fact that box-shaped incubators receive irradiance from five sides and act as nearly spherical or scalar collectors of irradiance. In contrast, the ocean receives irradiance through only one surface, and acts as a flat or cosine collector of light (Morel, 1991) . In a uniformly diffuse environment, a spherical scalar irradiance collector can receive four times the irradiance of a cosine collector because the surface area of a sphere is four times greater than the surface area of a circle (Ramus, 1985; Kirk, 1996) . Low solar elevation, long atmospheric path lengths, and cloudy conditions make the Southern Ocean an environment with highly diffuse irradiance. In order to correctly ascertain the light level of an on-deck incubator full of water, irradiance inside the incubator must be measured with a spherical or scalar PAR sensor because phytoplankton absorb irradiance from all directions. In contrast, irradiance outside the incubator must be measured with a flat, cosinecollector PAR sensor because the ocean receives radiant flux equal to only that measured on a horizontal surface just above the water, E d ð0 þ Þ (Morel, 1991; Sakshaug et al., 1997) .
Photosynthetic performance
Three measures of photosynthetic performance (P B opt ; P B max ; and F v =F m ) were used. P B opt (mmol
is the highest chlorophyll-normalized productivity rate in a 24-h in situ or on-deck primary productivity incubation. For example, in a water column with uniform chlorophyll distribution, P B opt will be at the depth with the highest productivity rate (usually near the surface). P B max ; on the other hand, is the maximal, chlorophyllnormalized productivity rate in a 2-h lightsaturated photosynthesis vs. irradiance (P vs. E) incubation at a single depth in the euphotic zone.
We used the P B max (mg C mg Chl À1 h À1 ) rate of P vs. E incubations as a measure of photosynthetic performance during the January cruise, because neither in situ nor on-deck primary productivity rates were measured. P vs. E samples were incubated for 2 h in a temperature-controlled blue-light photosynthetron (Lewis and Smith, 1983; Lindley et al., 1995) . P B max values were calculated with the exponential photoinhibition model of Platt et al. (1980) . P B max is operationally distinct from P B opt because P B max is measured in the lab with constant artificial irradiance for 2 h, whereas P B opt is measured in the field with ambient irradiance that can vary from light-limiting to photoinhibiting over the 24-h incubation . On-deck samples were incubated in a ''50% light level'' incubator. In situ samples were incubated near the 50% irradiance level. The dashed line represents unity between on-deck and in situ carbon-uptake rates. Ratios greater than 1 imply artifactual on-deck photoenhancement; ratios less than 1 imply artifactual on-deck photoinhibition. On cloudy, low-irradiance days, the extra irradiance received by on-deck incubators enhanced primary productivity relative to the near-surface in situ incubations; on sunny, high-light days, the irradiance subsidy photoinhibited phytoplankton and reduced daily primary productivity relative to near-surface in situ incubations. The solid line is a Model II linear regression (r 2 ¼ 0:789; m ¼ À0:0189; b ¼ 1:48). (Behrenfeld and Falkowski, 1997) . Despite these differences, P B opt and P B max are both measures of photosynthetic performance and we use them interchangeably.
The third measure of photosynthetic performance is F v =F m (Kolber et al., 1994 (Kolber et al., , 1998 , a measure of the quantum efficiency of photosystem II (PSII). F v =F m was measured with an in situ fast repetition rate fluorometer (FastTracka, Chelsea Instruments Ltd.) deployed on the CTD/rosette frame, and a pump-during-probe flow cytometer (Olson et al., 2000; Sosik and Olson, 2002) . The measurements are based on the concept that when dark-adapted phytoplankton are illuminated, all of the functional reaction centers of PSII are open and the fluorescence is low (F o ); when a given reaction center has been excited, it is closed and its fluorescence increases; and when all the reaction centers are closed, fluorescence is maximal (F m ).
, determines the proportion of functional PSII reaction centers.
Results
Temporal variations
Primary productivity increased rapidly in spring, peaked in summer, and decreased rapidly in fall, following the seasonal pattern of irradiance (Fig. 4A) . At the end of October, primary productivity was 20 mmol C m À2 d À1 , and within 3 weeks doubled to 54 mmol C m À2 d À1 . During maximal irradiance (December), productivity was also maximal but variable in space, ranging between 33 and 93 mmol C m À2 d À1 . By midFebruary, primary productivity decreased to 31 mmol C m À2 d À1 and then continued to decrease (Fig. 4A , Table 1 ).
The seasonal pattern of HPLC-derived chlorophyll concentration resembled the seasonal pattern of primary productivity, albeit with significantly greater range between seasonal maxima and minima. Productivity varied from 13 to 93 mmol C m À2 d À1 , whereas chlorophyll varied from 0.03 to 1.5 mg Chl m À3 (Fig. 4B) . In early spring chlorophyll values were less than 0.5 mg Chl m À3 , but during late spring and early summer, maximal phytoplankton biomass tripled and ranged between 0.15 and 1.5 mg Chl m À3 . In late summer, concentrations were consistently low (o0.3 mg Chl m À3 ). The timing of the seasonal increase in primary productivity and biomass supports the widespread consensus that the onset of primary productivity and biomass is regulated by irradiance and Z mix (Sverdrup, 1953; Smith and Nelson, 1985; Nelson and Smith, 1991) . By the early spring cruise in late October and early November, Z Cr was greater than Z mix (Table 1) . Correspondingly, primary productivity and chlorophyll had begun to increase and were already elevated in comparison to the late summer values (Figs. 4 and 5). One month later (December), Z mix shoaled to less than onefifth of Z Cr ; and primary productivity and chlorophyll doubled (Table 1) .
Spatial variations
While the overall primary productivity and chlorophyll biomass covaried strongly with the temporal pattern of irradiance, there was also a spatial pattern of variability in the various hydrographic zones and in relation to the position of the DSi max (Fig. 1) . DSi max is the position where change in silicic acid concentration divided by change in latitude is maximal. DSi max propagated poleward between early spring and early summer and remained near the Southern Boundary of the ACC through early and late summer (Fig. 1) .
During early spring (October-November) the productivity north of DSi max was nearly double that of the region south of DSi max (3776 vs. 20 mmol C m À2 d À1 ; Table 1 , Fig. 5A ), but it is necessary to point out that there were many fewer observations south of DSi max. In contrast, chlorophyll did not have a meridional pattern across DSi max during early spring (0.3170.05 vs. 0.37 mg Chl m À3 ; Table 1 , Fig. 5B ). In late spring (December), stations in the southern zones had slightly higher productivity than those to the north. To the south, the two stations nearest DSi max had the two highest productivity rates observed (93 and 83 mmol C m À2 d À1 , Fig. 5A ). To the north, mean primary productivity rates in the Subantarctic Zone and the APFZ were 58714 and 62710 mmol C m À2 d À1 , respectively (Fig. 5A , Table 1 ). Chlorophyll in late spring exhibited a greater meridional variability than in early spring. Highest chlorophyll concentrations (0.76-1.5 mg Chl m À3 ) were near DSi max ; farther to the north, chlorophyll concentrations were lower (0.15-0.72 mg Chl m À3 ; Fig. 5B ). In early summer (January) high chlorophyll concentrations (0.63 and 1.4 mg Chl m À3 ) were also near DSi max , and to the north, concentrations were reduced (o0.3 mg Chl m À3 ; Fig. 5B ). By late summer (February-March), the three zones south of the APF had slightly lowered mean productivity rates (1771, 1874, and 1572 mmol C m À2 d À1 ) than did the zones north of the APF (2171 and 2574 mmol C m À2 d À1 ; Table 1 , Fig. 5A ). In contrast, chlorophyll concentrations were highest in the northernmost and southernmost zones (Subantarctic Zone, 0.1870.01 mg Chl m À3 ; Subpolar Regime, 0.1870.02 mg Chl m À3 ), whereas the APFZ, the Antarctic Zone, and the Southern Fig. 5B ).
Spatial pattern of DSi max and photosynthetic performance
Unlike primary productivity and chlorophyll, P B opt did not parallel irradiance through time (Fig. 4C) . Instead, mean P B opt had a meridional variation that was inversely proportional to the mean silicic acid concentration (Fig. 6A) . To the south, mean silicic acid concentrations were high (>50 mM) and mean P B opt values were low (p2.7 mmol C mg Chl À1 d À1 ). To the north, however, silicic acid concentrations dropped to values as low as 2 mM, while P B opt increased by 50% (X4 mmol C mg Chl À1 d À1 ). This large northward decrease in silicic acid concentration and increase in P B opt was not accompanied by reductions in nitrate concentrations (Fig. 6C) . While water temperature did increase from south to north, the temperature increase occurred equatorward of the P B opt increase; furthermore, temperatures continued to rise along the meridional transect as P B opt reached a plateau (Fig. 6B) .
These relationships between photosynthetic performance, silicic acid, temperature, and nitrate were consistent during the four JGOFS cruises.
During early spring, the ice edge was near 63 S and DSi max coincided with the APF (Fig. 7) . Stations north of DSi max had a mean P Fig. 7) . In late spring the ice had retreated poleward to 65 S and DSi max was located near 64 S (Fig. 8) . As in early spring, the mean P B opt of the stations south of DSi max was slightly less than the mean zonal values north of DSi max (Fig. 8) Fig. 8) .
The maximal chlorophyll-specific productivity (P B max ) in early summer had a spatial pattern similar to that of P B opt in early and late spring (Fig. 9) (Fig. 9 ). This pattern of photosynthetic performance was repeated again in February as the sea ice retreated to its seasonal minimum. Between February 18 and March 4, P B opt was lower south of DSi max than it was north of DSi max (Fig. 10B) . The average F v =F m value for 10-40 m was also higher in the northern low silicic acid waters, and lower in the southern high silicic acid waters (Sosik and Olson, 2002) (Fig. 10A) . Similarly, dissolved iron concentrations were higher to the north of DSi max and lower to the south (Fig. 11) .
Discussion
DSi max and Fe in the regulation of photosynthetic performance
Our results show that the most prominent relationship between photosynthetic performance and any environmental factor was a simple inverse relationship between P B opt and silicic acid concentration (Fig. 6A) . P B opt was elevated in low silicic acid waters to the north of DSi max and depressed in high silicic acid waters to the south of DSi max . This correlation persisted throughout the growing season, even as DSi max traveled southward from 61 S to 65 S (Figs. 7-10). We propose that this correlation between photosynthetic performance and silicic acid is best explained by iron regulation. Specifically, regions south of DSi max have low photosynthetic performance because they are severely iron limited, whereas regions north of DSi max have high photosynthetic performance because they are iron sufficient.
Iron-enrichment experiments and ambient photosynthetic performance observations during early spring, early summer, and late summer provide corroborative evidence for these relationships among DSi max , photosynthetic performance, and iron regulation (Franck et al., 2000; Olson et al., 2000) . In early spring (October-November), on-deck experiments demonstrated that iron enrichment had little effect on silicic acid uptake rates north of DSi max in the APFZ at 59.2 S, indicating an iron sufficient environment (Franck et al., 2000) . At the same time, we measured a relatively high ambient P B opt of 2.3 mmol C mg Chl À1 d À1 (Fig. 7) at this station. However, iron enrichment increased silicic acid uptake rates 3-5 times over controls south of DSi max at 62.3 S in the Antarctic Zone (Franck et al., 2000) , where we measured a lower P B opt of 1.5 mmol C mg Chl À1 d À1 (Fig. 7) . In early summer (January), another set of ondeck iron enrichments (shifted south by several degrees) produced similar results. At 67.8 S in the Subpolar Regime, south of DSi max , Franck et al. (2000) found 3-5-fold increases in silicic acid uptake rates in response to iron addition, where we measured a low ambient P B max of 0.9 mg C mg Chl À1 h À1 (Fig. 9) . To the north of DSi max (Antarctic Zone, 62.0 S), in waters that had responded positively to iron 2 months earlier, Franck et al. (2000) observed little response of silicic acid uptake rates to iron enrichments. We measured a relatively high ambient P B max of 3.8 mg C mg Chl À1 h À1 at this location (Fig. 9) . In late summer, Olson et al. (2000) also detected significant increases in F v =F m in response to ondeck iron enrichment at locations south of DSi max , but little or no response north of DSi max . To the south, the positive response to iron enrichment was accompanied by low ambient F v =F m ; while to the north a lack of a response was accompanied by high ambient F v =F m : Our measure of photosynthetic performance from the same stations as the Olson et al. (2000) enrichments yielded similar results: to the south, where the index of response to iron enrichment was high, we measured low P B opt ; conversely, to the north, where the index of response to iron enrichment was low, we measured high P B opt (Fig. 12A) . Correspondingly, the relationship between initial P B opt and initial F v =F m was strong: low initial F v =F m measurements were paired with low P B opt rates and high initial F v =F m measurements were paired with high P B opt rates (Fig. 12B) .
Furthermore, direct measurements of F v =F m ; P B opt ; dissolved iron, and silicic acid demonstrated that F v =F m ; P B opt ; and iron were elevated where silicic acid concentrations were low (Fig. 10, 11 and 12C). Conversely, surface F v =F m ; P B opt ; and iron concentrations were depressed where silicic acid concentrations were high (Fig. 10, 11 and 12C).
UCDW and the spatial regulation of photosynthetic performance
The change in position of DSi max through time defines three regions. One region was always north of DSi max and had low silicic acid concentrations. A second region was south of DSi max in spring and north of DSi max in summer; accordingly, it had high silicic acid concentrations in the spring and low silicic acid concentrations in the summer. A third region was always south of DSi max and had high silicic acid concentrations (Fig. 1) . These regions are delimited by the APF and the Southern Boundary of the ACC and had distinct photosynthetic performances due to different iron regulation characteristics. We argue that these differences in iron regulation characteristics are due to differences in phytoplankton cell size and UCDW upwelling in these regions.
Phytoplankton cell size is a key factor in iron regulation because smaller phytoplankton are better adapted to low iron levels than larger phytoplankton (Morel et al., 1991b; Sunda and Huntsman, 1995; Erdner and Anderson, 1999; Timmermans et al., 2001) . UCDW is also important to iron regulation because direct measurements of iron concentration and observations of biomass abundance near UCDW upwelling sites indicate that UCDW is a significant source of iron for phytoplankton. L . oscher et al. (1997) and L .
oscher (1999) measured elevated dissolved iron concentrations in UCDW in the APF region as compared to deep waters farther south. Pollard et al. (1995) reported that upwelling of UCDW produced a bloom 10 km wide with chlorophyll concentrations greater than 5 mg Chl m À3 . Pr! ezelin et al. (2000) also linked UCDW with high biomass diatom blooms, and Tynan (1998) coupled the circumpolar distribution of increased phytoplankton biomass, krill, and baleen whales with the ''non-uniform high-latitude penetration of shoaled, nutrient-rich UCDW'' (Tynan, 1998) . This iron-rich upwelling UCDW is present in near-surface waters of the Southern ACC and Antarctic Zones, but absent in the near-surface waters of the Subpolar Regime, the APFZ, and the Subantarctic Zone (Figs. 2 and 11 ).
North of the APF (61 S): the APFZ and Subantarctic Zone
The region north of the APF was always north of DSi max and always had relatively low silicic acid concentrations (Fig. 1) . The phytoplankton community here had consistently elevated photosynthetic performance and did not respond to iron enrichment during the early spring (Franck et al., 2000) . This can be explained by the dominance of smaller (nano-and pico-) phytoplankton (Brown and Landry, 2001a, b; Landry et al., 2001 ) and year-round irradiance and primary productivity . The year-round available irradiance, ice-free conditions, and small cell size of this region create a ''balanced'' oceanic food web as defined by Landry et al. (1997) . Phytoplankton productivity is balanced with zooplankton grazing, resulting in little seasonality in chlorophyll concentrations (Banse, 1996) . The dominant small eucaryotic phytoplankton are well adapted to growth at low iron levels and are vulnerable to microzooplankton grazing that rapidly recycles iron (Morel et al., 1991b; Longhurst, 1998) . As a result, this region displayed little or no signs of iron limitation in the early spring (Franck et al., 2000) , despite the absence of upwelling UCDW (Fig. 2) .
South of the APF and north of the Southern Boundary of the ACC (61-65 S): The Antarctic Zone and the Southern ACC Zone
The second region, south of the APF and north of the Southern Boundary of the ACC (61-65 S), is complex in that it was south of DSi max in spring (high silicic acid concentrations) and north of DSi max in summer (low silicic acid concentrations) (Fig. 1) . Photosynthetic performance switched from low to high as the season progressed and as DSi max traveled south. Likewise, the phytoplankton community switched from being regulated by iron in the spring to being iron replete in the summer. Although this shift from iron limitation to iron sufficiency may seem counterintuitive, it can be explained by the winter resupply of ironrich UCDW (Fig. 2) and a shift in phytoplankton community structure from larger phytoplankton (>20 mm) in spring to smaller phytoplankton in summer (Brown and Landry, 2001a, b; Brzezinski et al., 2001) .
During winter in this region, the ice cover and low incident irradiance effectively stopped primary productivity, but upwelling associated with the circumpolar current continued throughout the winter and replenished the surface layer with UCDW along 170 W (Figs. 2 and 11) . The degree (Measures and Vink, 2001 ). The dotted line marks the half-saturation constant (K m ) of iron, 0.12 nM . The three P B opt measurements less than 3 mmol C mg Chl À1 d À1 were made south of DSi max and had an average silicic acid concentration of 52 mM. The three P B opt measurements greater than 5 mmol C mg Chl À1 d À1 were made north of DSi max and had an average silicic acid concentration of 15 mM.
to which UCDW replenishes the surface layer between 61 S and 65 S-along 170 W-is uncertain. However, Hoppema et al. (2000) demonstrated that, at the prime meridian, 90% of Antarctic surface water in the southern section of the ACC is comprised of UCDW (with the rest made up of northward-flowing surface water from the Subpolar Regime). The increase in silicic acid between early summer and late summer in the region between 61 S and 65 S is also a good indicator of the strength of UCDW replenishment ( Figs. 1 and 2) .
Thus, in spring, this region had high silicic acid concentrations, relatively high iron concentrations (Measures and Vink, 2001) , and was south of DSi max . As seasonal ice receded, irradiance increased, and the surface layer stabilized, larger autotrophs (>20 mm) dominated this region (Brown and Landry, 2001a, b; Brzezinski et al., 2001 ). The larger autotrophs-particularly diatoms )-took up the replenished macronutrients and iron, and accumulated biomass. The observed accumulation of phytoplankton biomass in this situation is typically attributed to a reduced zooplankton abundance (Evans and Parslow, 1985; Steele and Henderson, 1992) . In this case, the reduced zooplankton abundance is likely a consequence of unfavorable food conditions, characteristic of the winter, under-ice period. Despite sufficient iron for the large diatoms to reduce silicic acid levels from 47 to 14 mM in 54 days, these diatoms were regulated by iron: the diatoms had low photosynthetic performance (Fig. 7) and responded positively to iron enrichment (Franck et al., 2000) .
Through a combination of drawdown and export of iron and silicic acid, the dominance of these large diatoms was limited to a short pulse of increased biomass that traveled south with DSi max . By early summer, there was a prevalence of empty or nearly empty diatom frustules as smaller phytoplankton, well adapted to low iron levels (Morel et al., 1991a) , dominated the region (Brown and Landry, 2001a) . With this switch in community structure from micro-to nano-and picoplankton, the Antarctic and Southern ACC Zones switched from low to high photosynthetic performance (Figs. 7 and 9 ). These smaller phytoplankton had higher ambient photosynthetic performance (Fig. 9) , did not respond to ironenrichment experiments (Franck et al., 2000) , and, thus, were iron sufficient.
By late summer, despite high photosynthetic performance and favorable irradiance and mixing regimes (Z mix =Z Cr ¼ 0:35), biomass concentrations and primary productivity rates in this region decreased and were at the lowest level that we measured on all four cruises (Table 1) . High photosynthetic performance coupled with decreasing biomass and decreasing productivity is indicative of assemblages of small phytoplankton that are grazer regulated (Price et al., 1994; Banse, 1996) . This region (the SIZ between the APF and the Southern Boundary of the ACC) appeared to shift to the kind of ''grazer-controlled population'' described by Price et al. (1994) and Banse (1996) with the exception that the composition of the phytoplankton community appears to be controlled by silicic acid, while photosynthetic performance was high and not iron-limited.
South of the southern boundary of the ACC (65 S):
The Subpolar Regime The third region, the Subpolar Regime north of the continental margin, was always south of DSi max and always had relatively high silicic acid concentrations (Fig. 1) . Three indicators-low P B opt ; low F v =F m ; and a positive response to iron enrichment-suggest that phytoplankton in this region were permanently iron deficient . We argue that the iron deficiency within this region caused the abrupt halt of the diatom-driven DSi max at the northern boundary of this region ( Fig. 1 ) and can be explained by the absence of UCDW (Figs. 2 and 11) .
The Subpolar Regime is, by definition (Orsi et al., 1995) , isolated from iron-rich UCDW upwelling (Figs. 2 and 11) . Even though the Subpolar Regime has significant vertical mixing in the winter, the surface water never mixes with UCDW (Figs. 2 and 11) . As a result, phytoplankton within the Subpolar Regime had low photosynthetic performance, responded positively to iron enrichment, and were persistently iron deficient (Figs. 9-12) (Franck et al., 2000; Olson et al., 2000) . The diatom bloom and associated DSi max , which traversed the Antarctic and Southern ACC Zones, were strongly iron regulated (Figs. 7 and 8) (Franck et al., 2000) , and thus, could not continue in the relatively iron-poor Subpolar Regime, south of the Southern Boundary of the ACC.
Response to iron additions
Our results suggest that the three Antarctic productivity regimes (presented in a different order than above) would respond differently to in situ iron additions as follows: (1) the region south of the Southern Boundary of the ACC would always respond positively to iron addition during the austral growing season; (2) the region north of the APF and north of the seasonal ice was found to be silicic acid limited and iron sufficient in early spring and would not develop a high biomass diatom bloom in response to added iron; and (3) the region between the APF and the Southern Boundary of the ACC-and within the Seasonal Ice Zone (SIZ)-will respond positively to iron enrichment in the spring, but not in the summer.
The region south of the Southern Boundary of the ACC, the Subpolar Regime, is permanently low in iron because it is south of and spatially isolated from the upwelled iron-rich UCDW (Figs. 2 and 11) . Measurements of photosynthetic performance in this region were ubiquitously low, silicic acid concentrations were greater than 50 mM, and the phytoplankton assemblage responded positively to iron additions (Franck et al., 2000; Olson et al., 2000) . Therefore, an intentional iron addition south of the Southern Boundary of the ACC would likely result in a relatively high biomass diatom bloom that would not be silicic acid limited. Of the three regions described, the Subpolar Regime, which surrounds the continent of Antarctica, is likely to show the largest response to naturally varying aeolian dust flux or intentional in situ iron addition.
North of the Polar Front, silicic acid concentrations appear to be limiting for diatom growth during early spring (Franck et al., 2000) , but also during other periods of the growing season (Zentara and Kamykowski, 1981; Daly et al., 2001) . Nano-and picoplankton rely on efficient iron recycling through grazing by microheterothrophs and have high photosynthetic performance. It seems unlikely that an iron addition, without a parallel silicic acid addition, would result in the accumulation of significant levels of diatom biomass in this region.
In the Antarctic Zone and Southern ACC Zone, between the APF and Southern Boundary of the ACC, the response to iron addition will depend on the time of year. Along 170 W, the retreat of the seasonal ice and the increased irradiance in spring set the stage for a diatom bloom dense enough to draw down the nutrients replenished from UCDW upwelling throughout the winter and early spring. This diatom bloom propagated south, leaving in its wake large diatoms that were silicic acid limited (Franck et al., 2000) . The phytoplankton just north of the DSi max operate at a relatively low photosynthetic performance because the large diatoms are regulating on iron. This assemblage of phytoplankton would respond positively to iron additions early in the growing season. Later in summer, after the diatoms have reduced silicic acid to limiting concentrations, however, there is a community shift to small, eucaryotic phytoplankton with relatively high photosynthetic performance. This summer community will not respond to iron addition by developing a high biomass diatom bloom.
The recent SOIREE iron addition (Boyd and Abraham, 2001; Boyd and Law, 2001 ), however, did produce an iron-stimulated diatom bloom in the Antarctic Zone during the summer. The February 9, 1999 SOIREE iron addition at 61 S, 140 E produced a significant increase in silicic acid drawdown (Frew et al., 2001; Gall et al., 2001a) . In contrast, at a similar time (January 20, 1998) within the same oceanic zone as SOIREE (Antarctic Zone between the APF and SACCF, 62 S, 170 W), a JGOFS ''on-deck'' iron-enrichment experiment, did not result in increased silicic acid uptake by diatoms (Fig. 9) (Franck et al., 2000) . This incongruity can be explained by the varying extent of the seasonal ice, which created different initial biological and chemical compositions at these locations.
In the JGOFS project along 170 W, seasonal ice extended to just south of the APF (near 61 S) (Smith et al., 2000b) , and the JGOFS on-deck iron-addition experiment of Franck et al. (2000) was carried out in the SIZ. Winter ice cover and associated winter recharge of macronutrients (early spring silicic acid concentrations of 40 mM) and micronutrients, followed by the rapid spring retreat of the ice in the SIZ, provide a seasonal growth pulse during a period when mesozooplankton grazers remain in relatively low abundance. Low grazing pressure allows the accumulation of a dense diatom assemblage that sets in motion the southward-propagating DSi max as the diatoms take up and export silicic acid. By January 20, 1998, the initial biomass was dominated by senescent large diatoms and healthy smaller phytoplankton, photosynthetic performance was high, and the silicic acid concentration was low (o5 mM) (Fig. 9 ). Given this initial biomass of iron-replete small phytoplankton, the JGOFS ''on-deck'' ironenrichment site did not result in increased silicic acid uptake by diatoms (Fig. 9) (Franck et al., 2000) .
However, at the SOIREE site, seasonal ice extended only to 62 S, and the in situ iron addition was carried out in the Permanently Open Ocean Zone (POOZ), remote from the influence of sea ice (Trull et al., 2001 ). In the POOZ, there is less of a seasonal pulse of growth and little respite from grazing pressure. At the 140 E SOIREE site, because irradiance is unobstructed by ice and primary productivity proceeds at some level throughout the year, the winter nutrient recharge is dampened. Trull et al. (2001) report winter silicic acid concentrations of 22 mM. The spring diatom pulse evident at 170 W is absent at 140 E; but at 140 E there is a continuous level of low productivity. As a result, there is a ''balanced'' food web of phytoplankton productivity and zooplankton grazing. By February 9, 1999, the initial biomass was a collection of pico-eukaryotes and viable diatoms, photosynthetic performance was low, and the silicic acid concentration was intermediate (10 mM) . In this quasiequilibrium state where growth is balanced by grazing, the ambient silicic acid (10 mM) is sufficient for a significant diatom bloom even late in the austral growing season. That growth, however, is limited by iron and, as shown by SOIREE, the phytoplankton assemblage in these waters responds positively to iron addition.
Conclusions
(a) There is a well-defined primary productivity maximum synchronized with seasonal irradiance:
In austral early spring (October-November), during early bloom conditions, mean primary productivity was 33 mmol Franck et al. (2000) , Nelson et al. (2001) and Sigmon et al. (2002) , we suggest that there are three regions in the Southern Ocean that would respond differently to in situ iron addition: South of the Southern Boundary of the ACC and north of the continental margin, the Subpolar Regime was consistently silicic acid replete and iron limited; this suggests it would respond positively to iron addition throughout the growing season.
Between the APF and the Southern Boundary of the ACC, the Seasonal Ice Zone was silicic acid replete and iron limited in early spring and became silicic acid limited and iron sufficient in summer; this suggests it would respond positively to iron enrichment in spring, but not in summer.
The region north of the APF was silicic acid limited and iron sufficient in early spring; this suggests it would not develop a high biomass diatom bloom in response to iron addition.
